1. Rat brain-cortex mitochondria were incubated in media containing 1, 5 or 100 mM-K+ in the presence of ADP, uncoupler (FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone) or valinomycin while metabolizing pyruvate and malate, or acetylcarnitine and malate or glutamate and malate as substrates. Both the uptake of oxygen and disappearance of substrate were measured under these conditions. 2. With pyruvate and malate as substrate in the presence of both ADP and valinomycin, both the uptake of oxygen and disappearance of pyruvate increased markedly on increasing the K+ content ofthe incubation medium from 5 to 100mM-K+. However, in the presence of uncoupler (FCCP), although the oxygen uptake doubled little change was observed in the rate of disappearance of pyruvate on increasing the K+ concentration. 3. Only small changes in uptake of substrate and oxygen were observed in the presence of ADP, uncoupler (FCCP) or valinomycin on increasing the K+ concentration when acetylcarnitine +malate or glutamate+malate were used as substrates by brain mitochondria. 4. Further, increasing the K+ concentration from 1 to 20mm when rat brain mitochondria were oxidizing a mixture of pyruvate and glutamate in the presence of malate and ADP caused a 30% increase in the respiration rate, 50% increase in the rate of disappearance of pyruvate and an 80% decrease in the rate of disappearance of glutamate. 5. Investigation of the redox state of the cytochromes and the nicotinamide nucleotides in various conditions with either pyruvate or acetylcarnitine as substrates suggested that the specific stimulation of metabolism of pyruvate by K+ could not be explained by a general stimulation of the electron-transport system. 6. Low-amplitude high-energy swelling of rat brain mitochondria was investigated in both Na+-and K+-containing media. Swelling of brain mitochondria was much greater in the Na+-containing medium and in this medium, the addition of Mg2+ caused a partial reversal of swelling together with an 85% decrease in the rate of utilization of pyruvate. However, in the K+-containing medium, the addition of Mg2+, although also causing a reversal of swelling, did not affect the rate of disappearance of pyruvate. 7. Measurements of the ATP, NADH/NAD+ and acetyl-CoA/CoA contents were made under various conditions and no evidence that K+ concentrations affected these parameters was obtained. 8. The results are discussed in relationship to the physiological significance of the stimulation of pyruvate metabolism by K+ in rat brain mitochondria. It is proposed that K+ causes its effects by a direct stimulation of the pyruvate dehydrogenase complex.
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It has been shown that the respiration of brain preparations can be increased to approach rates in vivo by changes in the cation concentration of the medium used to incubate these preparations. Ashford & Dixon (1935) , using rabbit brain-cortex t Present address: Department of Biochemistry, St Bartholomew's Hospital Medical College, University of London, Charterhouse Square, London ECIM 6BQ, U.K. slices, and Dickens & Greville (1935) , using rat brain-cortex slices, demonstrated that an increase in K+ concentration in the medium increased the rates, of both respiration and aerobic glycolysis in these slices. The work of Kini & Quastel (1959 , 1960 with [14C] glucose and Berl, Nicklas & Clarke (1968 , 1970 with 14C-labelled amino acids sug- gested that K+ increased the turnover of glucose in brain slices at the expense of the oxidation of other substrates, e.g. glutamate or acetate (Berl et al. 1968 (Berl et al. , 1970 . Quastel concluded that K+ accelerates the conversion of pyruvate into acetyl-CoA in brain slices (Kini & Quastel, 1959; Quastel, 1962) . Stimulation of respiration of brain mitochondria by K+ has been reported by several laboratories (Utida & Sugawara, 1963; Krall, Wagner & Gozansky, 1964; Ozawa, Seta, Araki & Handa, 1967; Clark & Nicklas, 1970) . However, the nature of the enhancement has been the subject of some controversy. Utida & Sugawara (1963) and Krall et al. (1964) suggested that K+ activates a Na+, K+-stimulated adenosine triphosphatase associated with their brain mitochondrial preparation. Ozawa et al. (1967) indicated that a brain mitochondrial adenosine triphosphatase was not responsible for the K+-stimulation and was probably a contamination by membrane fragments in the previous preparations. Further, it has been shown by enzyme-distribution studies on subcellular fractions of rat brain cortex that purified brain mitochondria exhibit very little Na+, K+-stimulated adenosine triphosphatase activity (De Robertis, Rodriguez De Lores Arnaiz, Alberici, Butcher & Sutherland, 1967) . Several authors have concluded that K+ exerted a direct stimulatory effect on the electron-transport system (Krall et al. 1964; Ozawa et al. 1967; Kimmich & Rasmussen, 1967) . However, Clark & Nicklas (1970) measured the changes in the oxidoreduction states of the cytochromes in brain mitochondria oxidizing pyruvate in various K+-containing media and found that the increase in uptake of pyruvate was not consistent with a simple stimulation within the electron-transport system. The presence in brain of high concentrations of K+ (100,umol/g wet wt.) (Hanig & Aprison, 1967) and the fact that electrical stimulation of slices mimics the effect of K+ prompted us to investigate this problem further. As aerobic glycolysis accounts for 80-90% ofnormal central -nervous -system metabolism (Elliott & Wolfe, 1962) , an investigation into the K+ -stimulated uptake of pyruvate by brain mitochondria might be of significance in understanding the K+-stimulation of glycolysis.
In the present work comparative studies of the oxidation of pyruvate +malate, acetylcarnitine + malate and glutamate +malate have been carried out in the presence of various concentrations of K+ with a brain mitochondrial preparation known to be relatively free from synaptosomal and cytoplasmic contamination (Clark & Nicklas, 1970) . The results indicate that there are at least two phenomena associated with the stimulatory effect of K+ on respiration. First, and quantitatively smaller, is a non-specific ionic or salt effect in which all substrates are oxidized more readily, which may be associated with swelling of the mitochondria. Secondly, and quantitatively much greater, is a specific K+-stimulation of oxidation of pyruvate.
The evidence suggests that this effect is localized at the level ofthe pyruvate dehydrogenase complex. Preliminary accounts of portions of the work have appeared elsewhere (Clark, 1970) .
METHODS
Preparation ofmitochondria. Male Holtzman rats (weight 160-180g) were used in all experiments. Mitochondria were prepared by the method of Clark & Nicklas (1970) .
Incubation condition8. Incubations were carried out in the following media: 1 mM-K+ medium; this contained the following solutions at the quoted final concentrations: 225mM-mannitol, 75mm-sucrose, 1mx-KCl, 10mm-tris phosphate, 10mM-tris chloride, 0.05mm-EDTA; 5mx-K+ medium, as 1 mm-K+ medium except that 5 mm-KCl was present; 100mm-K+ medium, 75mM-mannitol, 25mm-sucrose, 100mM-KCl, 10mm-tris phosphate, 10mM-tris chloride, 0.05mM-EDTA. In certain experiments no added univalent cations were present; this is referred to as the 'zero' medium. In other experiments Na+ was used in place of K+. In all cases these media were adjusted to pH 7.4 with 2M-tris base. Substrates used were normally the free acids neutralized to pH7.4 with tris base.
A88ay technique8. Oxygen uptakes were measured polarographically, and uptakes of substrates and accumulations of metabolites were measured after extraction of the mitochondrial incubation media with 18% (w/v) HC104, centrifugation at 16000g for5min and subsequent neutralization to pH5 with 3M-K2CO3 in 0.5M-triethanolamine (Williamson & Corkey, 1969; La Noue, Nicklas & Williamson, 1970) . Uptakes of pyruvate, glutamate and malate were measured spectrophotometrically and accumulations of citrate, aspartate and a-oxoglutarate fluorimetrically. Acetylcarnitine metabolism was measured by determining by fluorimetry the carnitine produced (see Williamson & Corkey, 1969 
RESULTS
Effect of K+ on oxidation of 8ubstrates. As previously shown (Clark & Nicklas, 1970) , raising the K+ concentration from 5mM to 100mM in a sucrose +mannitol medium caused a stimulation of oxygen uptake by rat brain mitochondria. With pyruvate + malate as substrate the oxygen uptake in state 3 (Chance & Williams, 1956 ) increased by 50%, coupled with a similar increase in pyruvate consumption on increasing the K+ concentration (Fig. la, Table 1 ). When rat brain mitochondria were uncoupled with FCCP* in the presence of pyruvate+malate, the oxygen uptakes in 5mm-and 100mM-K+-containing media were slightly greater than the corresponding rates obtained in state 3 for the same K+ concentration (Table 1) .
However, the pyruvate uptakes were substantially decreased to rates approximately one-half or onethird those of the state 3 values (Fig. lb, Table 1 ). In the uncoupled state therefore respiration is being supported by endogenous sources of substrate, possibly fatty acid in nature (see Clark & Nicklas, 1970) . In the presence of valinomycin, which is known to facilitate the transport of K+ into mitochondria (Moore & Pressman, 1964) , the oxygen uptake and disappearance of substrate approximately doubled with pyruvate+malate as * Abbreviation: FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone.
substrate when the K+ concentration was raised (Table 1) . However, little change under the same conditions was noted with acetylcarnitine +malate as substrate (Table 2) . When the K+ concentration was raised from 5 to 100mM, no significant increase in uptake of oxygen or substrate was observed in the presence ofADP (state 3) when acetylcarnitine + malate or glutamate +malate were used as substrates (Table 2) , nor did the uptake of substrate and oxygen change significantly from the state-3 rates when uncoupler was added to mitochondria oxidizing acetylcarnitine+malate (Table 2 ). In all the above cases, the rates of utilization of substrate were linear over the time*period studied (8-10min; cf. Fig. 1) .
Effect of malate. The apparent Km for pyruvate of these mitochondria was approx. 40,uM and did not vary with malate or K+ concentration. However, the Vmax. for oxidation of pyruvate did vary with K+ concentration (see Table 1 ). In addition, at low K+ concentrations ( Table 1 . Effect of K+ on utilization ofpyruvate and malate and accumulation of citrate by rat brain mitochondria Rat brain mitochondria (1 mg of protein/ml) were incubated at 28°C in a sucrose-mannitol medium containing 1, 5 or 100mM-K+ (see the Methods section). The initial concentration of pyruvate was 0.5-1 mm and that of malate 1 or 5mm. The respiration was stimulated by the presence of 10 mm-ADP or FCCP (7 nmol/mg of protein) or valinomycin (7 ng/mg of protein). In each case the medium was oxygenated and the reaction was started by the addition ofmitochondria. Samples were taken at various time-intervals after the initiation ofthe reaction and treated as described in Fig. 1 . In all cases the rates ofconsumption ofsubstrate or accumulation of citrate were linear, and the results represent the linear rate over-the first 10min (see Fig. 1 Table 1 and Fig. 1 . In all cases the rates of substrate consumption were linear, and the results represent the linear rate over the first 10min (see Fig. 1 Clark & Nicklas (1970) .
To examine whether K+ could specifically activate pyruvate oxidation even in the presence of an alternative substrate, e.g. glutamate, the effects of K+ on the metabolism of a pyruvate +glutamate+ malate mixture were investigated. When the K+ concentration was increased from 1 to 20mM, the respiration in state 3 increased by 30% from 84 to 109ng-atoms of oxygen/min per mg of protein (Fig. 2a) . Concurrently, the uptake of pyruvate increased by 50% (Fig. 2b ) from 32 to 47nmol/min per mg of protein whereas production of aspartate, which is a measure of glutamate oxidation in these mitochondria (J. B. Clark & W. J. Nicklas, unpublished work: Balazs, 1965) , was decreased by a factor of 5 (Fig. 2c) 3 and 4) . In all the state 4 to state 3 transitions similar trends were apparent, particularly with reference to cytochrome b, which was always more oxidized in state 3 than in state 4. When the results with pyruvate or acetylcarnitine as substrates were plotted such that the 5mM-K+ medium was compared with the 150mM-K+ medium, it was apparent that K+ was interacting at all three phosphorylation sites, which may be attributed to a generalized ionic or salt effect occurring at the level of the electrontransport system (Kimmich & Rasmussen, 1967) , or may be associated with a non-specific swelling.
However, with pyruvate + malate as substrate, cytochrome b was considerably more reduced in the 150mm-K+ medium than in the 5mM-K+ medium, both in the presence and absence of ADP, whereas with acetylcarnitine +malate as substrate, the situation was reversed, with the cytochrome b more oxidized in the high-K+ medium than in the low-K+ medium (cf. state 4-state 3 transition). This suggests that K+ specifically affects pyruvate oxidation and that this must occur at a site remote from the electron-transport system itself. Control of pyruvate dehydrogena8e. The pyruvate dehydrogenase complex isolated from a number of tissues is known to be inhibited by NADH and acetyl-CoA (Garland & Randle, 1964; Hansen & Henning, 1966) . Table 3 shows that when the lowand high-K+ media were compared, no significant change in NAD reduction occurred on the addition of malate alone either with or without ADP, although the NADP was slightly more oxidized in the high-K+ medium. This suggested that utilization of endogenous substrate was not affected by increased K+. In state 4, when malate +pyruvate or malate+acetylcarnitine was added, the NAD was approximately 10% more reduced in the high-K+ medium than in the low-K+ medium, whereas with A second parameter that could control the rate of pyruvate oxidation is the availability of CoA for acetyl-CoA formation, or alternatively, the ability of acetyl-CoA to form citrate and hence release CoA for further use. In Table 4 the percentage changes in free CoA, acetyl-CoA and long-chain acyl-CoA derivatives are reported for a variety of conditions. The total CoA concentration [1.02± 0.01 (s.E.M., n = 22) nmol/mg of protein] is low compared with other mitochondria [rat heart, 2.5-3.Onmol/mg of protein (K. La Noue, unpublished work); rat liver, 2.5-3.5nmol/mg of protein (Williamson, Fukami, Peterson, Rostand & Scholz, 1969) ] as was the steady-state concentration of acetyl-CoA formed from the free CoA in state 3 (approx. 10% in brain mitochondria but 90% in heart mitochondria; (Clark & Nicklas, 1970 approx. 6nmol/mg of protein (Clark & Nicklas, 1970) .
Effect of K+ on 8welling. The swelling, uptake of pyruvate, accumulation of citrate and oxygen consumption of these mitochondria in media containing 5mM-or 100mM-K+ or -Na+ was investigated in several different states, since it may be suggested that the K+ effects are a result of increased swelling, allowing facilitated substrate entry. Fig. 5(a) shows the low-amplitude high-energy reversible swelling (Azzone & Azzi, 1966 ) that occurred in a sucrose+mannitol medium containing 100mM-K+, where the addition of substrate was necessary for a significant increase in volume. However, this swelling was completely reversed by the addition of Mg2+. Fig. 5(b) shows the same experiment except that 100mM-Na+ was present instead of K+. In this case, the change in extinction was more than double that found with mitochondria in the K+-containing medium, indicating a much greater swelling, and this was only partially reversed by
Mg2+. The disappearance of pyruvate under similar conditions was also measured. Whereas the addition of 1 mM-Mg2+ to the mitochondria respiring in the 100mM-K+ medium caused no change in the rate of disappearance of pyruvate, a similar addition in the Na+-containing medium caused an 85% decrease in utilization of pyruvate (Figs. 5c and 5d; Table 6 ). However, in the above conditions, the addition of Mg2+ did not affect accumulation of citrate or oxygen uptake, both of which continued to follow linear kinetics (Table 6 ). In addition, the uncoupler (FCCP) caused a marked decrease in the rate of pyruvate uptake in a medium containing 5mM-or 100mM-K+ or 100mM-Na+, whereas the oxygen consumptions were very similar to those of state 3. These results suggest that swelling does occur in the high-K+ medium but not as extensively as in the high-Na+ medium. In both cases, partial or complete reversal of swelling could be achieved by the addition of Mg2+. However, whereas the reversal by Mg2+ of swelling in the Na+-containing medium occurred concomitantly with a shut-off of pyruvate metabolism, the reversal of swelling in the K+-containing medium did not change the rate of pyruvate oxidation.
DISCUSSION
For the purpose of discussion, one may suggest three general, but not mutually exclusive, sites at which K+ might interact to cause an increase in pyruvate oxidation by rat brain mitochondria. First, K+ might cause a swelling ofthe mitochondria and/or an associated stimulation of the electrontransport system. Secondly, K+ might facilitate anion transport, in particular that of malate and pyruvate, and thirdly, K+ might interact so as to stimulate the pyruvate dehydrogenase complex Table 5 . Effect of K+ on A TP concentration8 in rat brain mitochondria Rat brain mitochondria (1-1.5 mg/ml) were incubated with 1 mM-pyruvate plus 1 mM-malate in the presence or absence of either FCCP (7nmol/mg of protein) or valinomycin (7ng/mg of protein) in media containing various concentrations of K+ (see the Methods section). Samples were taken 1-5 min after initiation of reaction with mitochondria for ATP assay (see Fig. 1 for details) by methods described by Clark & Nicklas (1970 concentration of univalent cations is known to cause an increase in the respiration of these mitochondria and to be reversible, in certain cases, by Mg2+ (Azzone & Azzi, 1966) . Such swelling occurred with brain mitochondria (Fig. 5 ) in the presence of K+ and, as with liver mitochondria (Azzone & Azzi, 1966) , a more pronounced swelling was observed with Na+. The small degree ofswelling of brain mitochondria associated with the increase in K+ concentration may well account for the slight increase in respiration and changes in the cytochrome redox states observed with acetylcarnitine (Fig. 4) caused an increase in pyruvate oxidation at the expense of glutamate (Fig. 2) furnishes additional evidence of the specific nature of K+-stimulation of pyruvate utilization in isolated brain mitochondria. This correlates well with the observations in brain slices noted previously in which K+ -stimulated glycolysis at the expense of amino acids (Kini & Quastel, 1959 , 1960 Berl et al. 1968 Berl et al. , 1970 .
Facilitation of anion transport. Another possibility for the site of K+ stimulation is the facilitation of transport of malate or pyruvate into the mitochondria. Harris, Hofer & Pressman (1967) have suggested that the passage of metabolically active anions across the mitochondrial membrane is enhanced by the energy-dependent uptake of K+. Malate does not appear to be rate-limiting for pyruvate oxidation in these experiments, since the kinetics of pyruvate uptake remain linear throughout the incubation period under a variety of conditions ( Fig. 1 and Table 1 ). However, the possibility of a synergistic movement of K+ and malate, at low concentrations of malate or K+, consistent with the suggestion of Harris et al. (1967) , cannot be excluded. The apparent Ka for malate (0.5-1 mM) in these mitochondria is certainly within the range of physiological concentrations found in mammalian brain (Williamson & Corkey, 1969; Goldberg, Passonneau & Lowry, 1966 Table 6 . Compari8on of the effect8 of K+, Na+ and Mg2+ on the oxidation ofpyruvate by rat brain mitochondria Rat brain mitochondria were incubated at 28°C either in the 'zero' medium or in media containing 100 mM-K+ or -Na+ (see the Methods section). Substrate used was 1 mM-pyruvate-5 mM-malate and respiration was stimulated by the addition of l0mM-ADP (disodium salt) or FCCP (7nmol/mg of protein). Compensation was made for the Na+ added with ADP (approx. 20mM-Na+). In some cases 1 mm-Mg2+ was added part way through the incubation as outlined in Figs. 5(c) (Linn, Pettit & Reed, 1969a) , ox heart, pig liver (Linn et al. 1969b ) and pig heart (Wieland et al. 1969; Wieland & Siess, 1970) . The overall activity ofthe enzyme complex is established by regulating the relative activities of the inactivating ATP-dependent kinase and the activating phosphatase. Several factors control the activity of these activating/deactivating enzymes. Both are Mg2+-dependent (Linn et al. 1969a; Wieland & Siess, 1970) , but the inactivating kinase is active at low Mg2+ concentrations, whereas the activating phosphatase requires high Mg2+ concentrations (10mi). Further, the activating phosphatase is stimulated by cyclic AMP. Although Sattin & Rall (1967) Phyaiotogioal 8ignifwcance of K+-8timulated respiration. The concentrations of K+ and Na+ in brain differ greatly from those in the plasma. The concentrations ofthese electrolytes in rat plasma are 4mM-K+ and 140mM-Na+; in rat brain, 100mM-K+ and 50mm-Na+ (Long, 1961 
